Serotonin-1A (5-HT 1A ) receptors in the CNS are a major target for psychotropic drugs. In nucleus raphe dorsalis (NRD) and hippocampus (CA3), the selective 5-HT 1A agonist (ϩ)-8-hydroxy-2-(di-N-propylamino) tetralin (8-OH-DPAT) reduces the firing activity of serotoninergic (5-HT) and pyramidal neurons, respectively. When located on 5-HT (autoreceptors), but not on non-5-HT (heteroreceptors) neurons, 5-HT 1A receptors are known to be subject to desensitization. Using quantitative electron microscopy after pre-embedding immunogold labeling with specific antibodies, we examined the subcellular distribution of these receptors after acute administration of 8-OH-DPAT (0.5 mg/kg, i.v.). Silver-intensified immunogold particles associated with the plasma membrane or the cytoplasm were counted in somata and dendrites within the NRD, 15 min, 1 hr and 24 hr after 8-OH-DPAT injection, and in hippocampal dendrites 1 hr after the same treatment. Significant decrease in the density of membrane labeling and concomitant increase of cytoplasmic labeling were demonstrated in the NRD, 15 min and 1 hr after 8-OH-DPAT administration, with a return to baseline level at 24 hr. Internalization was blocked by previous administration of the 5-
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Preclinical and clinical studies suggest that central serotonin [5-hydroxytryptamine (5-HT)] neurotransmission and modulation is involved in the etiology and treatment of anxiety and depression (Murphy, 1990; Blier and de Montigny, 1999) . The discovery of multiple 5-HT receptor subtypes and development of various selective ligands for these receptors have provided an opportunity to clarify the role or roles of 5-HT in these mental disorders, and thus eventually contribute to the design of more effective treatments. Among 5-HT receptors, the 5-HT 1A subtype is of particular interest because of its well established role in the regulation of emotional and behavioral processes (Blier and de Montigny, 1994; Artigas et al., 1996; Ramboz et al., 1998) . Thus, the prototypical 5-HT 1A agonist (ϩ)-8-hydroxy-2-(di-N-propylamino) tetralin (8-OH-DPAT), exhibits clear-cut anxiolytic- (Carli and Samanin, 1988; Picazo et al., 1995; Remy et al., 1996) and antidepressant-like (Kennett et al., 1987a; Martin et al., 1990) properties in animal models.
Whether located on serotoninergic neurons (autoreceptors) or on other neurons (heteroreceptors), the 5-HT 1A receptors mediate inhibition of neuronal firing (for review, see Barnes and Sharp, 1999) . In the nucleus raphe dorsalis (NRD), their activation by 8-OH-DPAT suppresses the discharge of serotoninergic neurons (Sprouse and Aghajanian, 1986; Blier and de Montigny, 1990) , reduces 5-HT turnover and synthesis (Hamon et al., 1988; Hjorth and Magnusson, 1988) , and therefore inhibits 5-HT release within the NRD itself and its territories of projection (Sharp et al., 1989a,b; Invernizzi et al., 1991; Bonvento et al., 1992) .
Several studies have demonstrated that acute treatment with 8-OH-DPAT produces a desensitization of NRD 5-HT 1A autoreceptors (Kennett et al., 1987b; Beer et al., 1990; Seth et al., 1997) . Rapid desensitization of 5-HT 1A receptors by agonist has also been described in various transfected cell lines (Nebigil et al., 1995; Rotondo et al., 1997; Della Rocca et al., 1999) .
In many transmitter-defined neuronal systems, internalization of G-protein-coupled receptors results from their activation by agonists (e.g., dopamine D1, Dumartin et al., 1998; muscarinic m2 and m4, Bernard et al., 1998, 1999; -opioid, Sternini et al., 1996; neurotensin, Faure et al., 1995; somatostatin 2A, Boudin et al., 2000; and substance P, Mantyh et al., 1995) . Among 5-HT receptors, such internalization has thus far been described only for the 5-HT 2A subtype, but in great detail, in vivo as well as in vitro (Berry et al., 1996; Bhatnagar et al., 2001 ). Whether it actually corresponds to a regulatory mechanism for this receptor is still an open question, however, because both 5-HT 2A agonists and antagonists can trigger 5-HT 2A receptor internalization (Berry et al., 1996; Willins et al., 1999) .
The present study was aimed at determining whether internalization of 5-HT 1A receptors occurs in the NRD, in which these autoreceptors desensitize after acute treatment with 8-OH-DPAT. For this purpose, we used a quantitative electron microscopic approach after immunogold labeling with specific anti-5-HT 1A receptor antibodies (El Mestikawy et al., 1990; Riad et al., 1991) . Experiments were also performed with the selective 5-HT 1A antagonist N- [2-[4-(2-methoxyphenyl)-1-piperazinyl] ethyl]-N-(2-pyridinyl) cyclohexane-carboxamide (WAY 100635), in view of the previous data obtained on 5-HT 2A receptors (see above). In all conditions, the fate of 5-HT 1A receptors was also examined in the hippocampus, in which, contrary to the NRD, there is no apparent desensitization on acute or chronic stimulation of these heteroreceptors (Kennett et al., 1987b; Le Poul et al., 2000) .
MATERIALS AND METHODS
Drugs. 8-OH-DPAT and WAY 100635 were obtained from Research Biochemicals (Natick, M A).
Antibodies. The preparation and characterization of rabbit polyclonal antibodies intended for the specific immunocytochemical visualization of 5-HT 1A receptors in rat C NS tissues have already been described in detail (El Mestikaw y et al., 1990; Riad et al., 1991) . These antibodies were raised against a synthetic peptide corresponding to residues 243-268 of the predicted amino acid sequence of the third cytoplasmic loop of 5-HT 1A receptor in rat. This particular sequence was chosen because it is highly selective for the 5-HT 1A receptor among all members identified so far within the G-protein-coupled receptor (GPCR) superfamily. For the present study, the antibodies were affinity-purified using immobilized peptide identical to the antigen (Hillion et al., 1994) .
Treatments. All experiments abided by the policies and guidelines of the C anadian Council on Animal C are and the regulations of the Animal C are Committee at the Université de Montréal.
Adult male Sprague Dawley rats (Charles River, St. Constant, Quebec, C anada; body weight: 250 Ϯ 50 gm) were anesthetized with sodium pentobarbital (65 mg / kg, i.p.), and a jugular vein was cannulated with a polyethylene catheter for intravenous administration of drugs. All animals f ully recovered from this procedure within a few hours. Four days later, the rats were injected intravenously with either: (1) saline (0.9% NaC l); (2) the 5-HT 1A receptor agonist 8-OH-DPAT (Gozlan et al., 1983) , 0.5 mg / kg; (3) the 5-HT 1A receptor antagonist WAY 100635 (Gozlan et al., 1995) 1 mg / kg, 10 min before 8-OH-DPAT; or (4) WAY 100635 (1 mg / kg). The drugs were dissolved in saline to be injected in a volume of 1 ml / kg. As previously described (Smith and Peroutka, 1986) , hindlimb extension and a flattened body posture were observed after 8-OH-DPAT.
T issue preparation. Fifteen minutes, 1 hr, or 24 hr after saline or drug injection, the rats were deeply anesthetized with sodium pentobarbital (80 mg / kg, i.p.), and perf used through the aortic arch with a solution of 3.5% acrolein and 2% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), pH 7.4, at room temperature. The brain was then removed and sliced into 1-mm-thick transverse slabs, which were post-fixed by immersion for 2 hr in the 2% PFA solution at 4°C and washed in PBS (0.9% NaC l in 50 mM PB, pH 7.4). Vibratome sections, 50-m-thick, were then cut in cooled PBS, immersed in 0.1% sodium borohydride in PBS for 30 min (room temperature), and washed in this buffer before immunocytochemical processing.
Immunoc ytochemistr y. All steps were performed at room temperature. Free-floating sections were sequentially incubated in: (1) a blocking solution of PBS containing 10% normal goat serum and 0.5% fish gelatin to saturate nonspecific sites (2 hr); (2) a 1:1000 dilution of anti-5-HT 1A antiserum in blocking solution (48 hr); and (3) a 1:50 dilution of goat anti-rabbit IgGs conjugated to 1 nm colloidal gold particles (AuroProbe One; Amersham, Oakville, Ontario, C anada) in blocking solution (2 hr). The sections were rinsed in PBS (3 ϫ 10 min), then in 2% sodium acetate (2 ϫ 10 min) and treated for 15-18 min with a silver enhancing kit (IntenSE; Amersham). This reaction was stopped by washing in 2% sodium acetate followed by PBS. Immunocytochemical controls included sections processed as above except for omission of the primary antibodies or their replacement by preimmune rabbit serum at the same dilution. In all experiments aimed at quantif ying the distribution of the receptors, at 1 hr or various time intervals (15 min, 1 hr, 24 hr) after drug injection, tissue from a saline-injected control was always processed together with treated rat tissue.
Electron microscopy. The sections were successively rinsed in PB, post-fixed for 30 min in 1% osmium tetroxide in PB, washed in PB (3 ϫ 10 min), dehydrated through a graded series of ethanol solutions followed by propylene oxide, infiltrated with Durcupan overnight, and flat-embedded in this resin between a glass slide and a plastic coverslip. After 48 hr of polymerization at 60°C, the coverslips were removed, and the regions of interest, selected by light microscopy, were excised from the slides and glued to the tip of resin blocks. Ultrathin sections were cut using an ultramicrotome) collected on bare square-meshed copper grids, stained with lead citrate, and examined in the electron microscope (Philips C M100; 60 K V).
Quantitative anal ysis. The subcellular distribution of the immunogold labeling was quantified in the N RD (autoreceptors) and /or the CA3 area of the hippocampus (heteroreceptors). In N RD (24 rats), a medioventral portion of the nucleus was examined, at a mesencephalic level corresponding approximately to interaural A 1.36 mm in the stereotaxic atlas of Paxinos and Watson (1986) (Fig. 1 A) . In the hippocampus (six rats), the focus was on a vertical portion of the CA3 sector of Ammon's horn and adjacent medial and lateral blades of the dentate gyrus, at a transverse level equivalent to A 2.96 mm (interaural) in the stereotaxic atlas of Paxinos and Watson (1986) (Fig. 1 B) . In a first series of experiments, in which the survival time was 1 hr, the N RD was examined in seven B) . In the NRD, note the stronger labeling of the medioventral portion of the nucleus, as opposed to its mediodorsal portion and lateral wings. In the hippocampus proper and area dentata ( H ), the layered pattern results essentially from the selective labeling of somata and dendrites of the pyramidal and granular neurons. Magnification, 5ϫ. saline controls, five rats treated with 8-OH-DPAT, five rats treated with WAY 100635 ϩ 8-OH-DPAT, and three rats treated with WAY 100635 alone. In a second series, the time course of the 8-OH-DPAT effect was investigated in four rats: one control and one rat each killed at 15 min, 1 hr and 24 hr after injection. The hippocampus was examined in three of the controls and three of the 8-OH-DPAT-treated rats killed 1 hr after injection.
More than 1000 electron micrographs were taken, at working magnifications ranging from 17,000ϫ to 25,000ϫ. The silver-intensified immunogold particles were counted over 172 sections of cell bodies (controls, 55; 8-OH-DPAT, 60; WAY 100635 ϩ 8-OH-DPAT, 27; WAY 100635, 30) and 852 sections of dendrites (controls, 378; 8-OH-DPAT, 239; WAY 100635 ϩ 8-OH-DPAT, 124; WAY 100635, 111) in N RD, and 141 sections of dendrites (controls, 69; 8-OH-DPAT, 72) in hippocampus.
T wo cellular compartments were defined: a membrane compartment, corresponding to a narrow zone, 30-nm-thick (the average size of the immunogold particles), underneath the plasma membrane, and a cytoplasmic compartment comprising the rest of the perikaryal or dendritic cytoplasm. The diameter and perimeter of the labeled profiles were measured with the aid of a computerized image analysis system (N IH Image 1.60), and the results were expressed as labeling density (number of particles per surface unit) for both the membrane and the cytoplasmic compartments. A total of 8951 particles were counted: 8205 in N RD (5919 in the plasma membrane and 2286 in the cytoplasmic compartment), and 746 in hippocampus (630 in the plasma membrane and 116 in the cytoplasmic compartment).
To define f urther the subcellular distribution of the receptors after 8-OH-DPAT treatment, the number of immunogold particles associated with large, endosome-like, vesicular profiles (Dumartin et al., 1998) in the cytoplasmic compartment of N RD perikarya was determined in four treated rats and four paired controls. Corresponding results were expressed as a percentage of the total number of particles in the cytoplasmic compartment.
Statistics. The quantitative data on the distribution of the receptors in plasma membrane versus cytoplasmic compartment of N RD somata and dendrites and hippocampal dendrites (means Ϯ SEM) were expressed as number of particles per unit of surface (Table 1) or as percentage of respective control value in the membrane compartment (see Figs. 4 , 5, and 7). Treatment effects were assessed using an ANOVA followed by Student's t test. The effect of 8-OH-DPAT on the association of receptors with endosome-like structures was analyzed by a paired t test. Differences were considered significant if p Ͻ 0.05.
RESULTS

Nucleus raphe dorsalis
In keeping with our previous description in normal rats (Riad et al., 2000) , the 5-HT 1A immunogold labeling was much stronger in the plasma membrane than cytoplasmic compartment of somata and dendrites in the NRD of saline-injected controls (Figs. 2 A,   Figure 2 . Low-power electron micrographs illustrating the distribution of 5-HT 1A immunoreactivity (immunogold-labeled) in neuronal somata from the NRD of a saline-control ( A) and a rat treated with 8-OH-DPAT 1 hr before fixation ( B). In the control, note how a majority of the silver-intensified immunogold particles are associated with the plasma membrane as opposed to the cytoplasm of the labeled neuron (N in nucleus), whereas the opposite is true after 8-OH-DPAT treatment [Golgi apparatus ( g) ]. In the treated rat, note the association of some of the cytoplasmic particles with endosome-like profiles (arrows). Scale bar, 1 m. Magnification, 18,000ϫ. Means (Ϯ SEM) from three to eight rats (n) per group. Treatments as described in Materials and Methods. The membrane compartment was defined by attributing a thickness of 30 nm (average diameter of the silver-intensified immunogold particles) to the membrane of labeled somata (perikarya) and dendrites. The results were tabulated as actual number of particles in the membrane, as opposed to the cytoplasmic compartment (details in Materials and Methods), and then expressed as percentage of total number (membrane ϩ cytoplasm). In all groups, the membrane compartment represented 3-4% of the total area examined for somata and 6 -7% for dendrites. *p Ͻ 0.001 by two-way ANOVA followed by Student's t test. Table 1 , 67% of the silver-intensified immunogold particles in somata and 86% in dendrites were associated with the plasma membrane, whereas this compartment represented only 3 and 7%, respectively, of the total cellular surfaces that were examined. The ratios of plasma membrane to cytoplasmic labeling were thus estimated at 66:1 and 82:1 in the somata and dendrites, respectively. One hour after a single injection of 8-OH-DPAT, the number of immunogold particles associated with the plasma membrane of NRD somata and dendrites was markedly decreased as compared Figure 3 . Silver-intensified immunogold labeling of 5-HT 1A receptors in dendrites from the NRD of saline controls (A, D), rats treated 1 hr before fixation with 8-OH-DPAT ( B) or WAY-100635 followed by 8-OH-DPAT ( C), and rats treated with 8-OH-DPAT, 15 min ( E), 1 hr (F), or 24 hr ( G) before fixation. Note the predilection of the immunogold particles for the plasma membrane in the controls and the rats treated with WAY 100635 before 8-OH-DPAT, or injected with 8-OH-DPAT 24 hr before, and for the cytoplasm in the rats injected 15 min or 1 hr before fixation. Scale bar, 1 m. Magnification: A-C, 18,000ϫ; D-G, 11,000ϫ. with controls (Figs. 2 B, 3B,F ) . The proportion of membraneassociated gold particles then fell from 67 to 44% in somata and from 86 to 53% in dendrites (Table 1) , and the corresponding ratios of plasma membrane to cytoplasmic labeling from 66:1 to 25:1, and from 82:1 to 15:1. As shown in Figure 4 , when normalized to a control density of labeling (number of particles per unit of surface) of 100%, this effect on the distribution of the receptor corresponded to 28 and 37% decreases for the plasma membrane compartment of somata and dendrites, respectively (Fig. 4) , and increases of 58 and 203% for their cytoplasmic compartment (data not shown).
3A,D). As shown in
An additional difference from controls in the 8-OH-DPATtreated rats was the greater frequency of immunogold particles associated with endosome-like profiles in the cytoplasmic compartment of NRD perikarya (Fig. 2 B) . These represented 36% of all cytoplasmic particles in the treated rats versus 13% in the controls ( p Ͻ 0.01).
Pretreatment with the 5-HT 1A receptor antagonist WAY 100635 completely prevented the 8-OH-DPAT-induced effect (Figs. 3C, 4) . The proportion of plasma membrane-associated gold particles in NRD somata and dendrites was then the same as in controls, 1 hr after 8-OH-DPAT injection (Table 1) . Treatment with WAY 100635 alone had no apparent effect on the distribution of 5-HT 1A receptors (Fig. 4, Table 1 ).
The decrease in number of plasma membrane-associated gold particles was already detectable 15 min after 8-OH-DPAT injection (Figs. 3E, 5) , at which time it corresponded to 64% of the control value in NRD dendrites and was therefore comparable in magnitude to that after 1 hr (Figs. 3F, 5) . The concomitant increase in cytoplasmic labeling was 275% of the control value. Twenty-four hours after 8-OH-DPAT injection, the 5-HT 1A labeling was indistinguishable from that seen in control rats (Figs. 3G, 5).
Hippocampus (CA3)
As previously described in normal rats (Riad et al., 2000) , the immunogold labeling of 5-HT 1A receptors in the hippocampus of saline-injected controls also showed predilection for the plasma membrane versus cytoplasm of CA3 pyramidal cell dendrites (Fig. 6 A) . Indeed, the ratio of density between the two compartments was 50:1. In contrast to the marked redistribution of 5-HT 1A receptors observed in NRD somata and dendrites, there were no changes from controls in CA3 hippocampal dendrites 1 hr after 8-OH-DPAT injection (Figs. 6 B, 7) . Figure 5. Density of 5-HT 1A autoreceptor immunogold labeling in the plasma membrane compartment of NRD dendrites from a saline-injected control and rats injected with 8-OH-DPAT, 15 min (n ϭ 1), 1 hr (n ϭ 1), or 24 hr (n ϭ 1) before fixation. The material from these four rats was simultaneously processed for immunocytochemistry and analyzed as in Figure 4 .
DISCUSSION
The present quantitative electron microscopic immunogold study is the first to demonstrate an agonist-induced internalization of 5-HT 1A receptors in vivo. In control rats, the strong enrichment of these receptors in the plasma membrane versus the cytoplasm of NRD cell bodies and dendrites (autoreceptors), as well as dendrites of CA3 pyramidal neurons (heteroreceptors), was in keeping with earlier findings (Riad et al., 2000) . The lowering of the ratios of plasma membrane to cytoplasmic labeling from 66:1 to 25:1 and from 82:1 to 15:1 in NRD somata and dendrites, respectively, after a single intravenous injection of the potent 5-HT 1A agonist 8-OH-DPAT (Gozlan et al., 1983) , indicated internalization of a large proportion of these membraneassociated autoreceptors. This appeared to be a maximal effect, because, in a preliminary experiment, a decrease of comparable magnitude had been measured after intraperitoneal administration of a 10-fold higher dose of 8-OH-DPAT (5 mg/kg; Riad et al., 1999) . Admittedly, if all grains here assigned to the plasma membrane compartment did represent membrane-bound receptors, the true concentrations within the much thinner membrane itself, and hence the membrane to cytoplasm ratios, were grossly underestimated. Yet, they provided a useful and reliable index to measure drug effects.
The internalization after 8-OH-DPAT could indeed be attributed to the activation of 5-HT 1A autoreceptors, because it was completely abolished by pretreatment with the selective 5-HT 1A antagonist WAY 100635, which is known to compete with the agonist for the same binding site on the receptor (Gozlan et al., 1995) . The fact that WAY 100635 by itself was without any apparent effect seemed to exclude a tonic influence of endogenous extracellular 5-HT on the subcellular distribution of 5-HT 1A autoreceptors. Such a lack of effect of endogenous 5-HT is in turn consistent with electrophysiological observations showing that WAY 100635 efficiently blocks the inhibitory effects of 5-HT 1A agonists, but does not affect, on its own, 5-HT neuron firing Figure 6 . Low-power electron micrographs illustrating the distribution of 5-HT 1A immunoreactivity (immunogold-labeled) in dendrites of the hippocampus (CA3) from a saline-control ( A) and a rat treated with 8-OH-DPAT, 1 hr before fixation ( B). In contrast with the situation in the NRD, the majority of silver-intensified immunogold particles are associated with the plasma membrane as opposed to the cytoplasm of labeled dendrites in both the saline control and the 8-OH-DPAT-treated rat. Magnification, 24,000ϫ. Scale bar, 1 m. Figure 7 . Density of 5-HT 1A heteroreceptor immunogold labeling in the plasma membrane compartment of hippocampal (CA3) dendrites from saline-injected controls (n ϭ 3) and rats injected with 8-OH-DPAT (n ϭ 3), 1 hr before fixation. Material analyzed as in preceding figures. (Mundey et al., 1994; Corradetti et al., 1996; Martin et al., 1999) . Furthermore, neuroendocrine studies have indicated that WAY 100635 inhibits 8-OH-DPAT-stimulated oxytocin, ACTH, and corticosterone secretion, without altering the basal levels of these hormones (Vicentic et al., 1998) .
An internalization of the same magnitude as after 1 hr was already detectable as soon as 15 min after 8-OH-DPAT injection, and presumably lasted for several hours, with a return to control values within 24 hr. This suggested a recycling of a majority of 5-HT 1A autoreceptors, although degradation and neosynthesis could not be excluded in this time frame. The relatively high proportion of immunoreactive 5-HT 1A receptors associated with endosome-like vesicles in both NRD cell bodies and dendrites after 8-OH-DPAT injection suggested that such a translocation from the plasma membrane to the cytoplasm occurred through endocytosis. Indeed, the implication of endocytotic mechanisms has already been documented for the in vivo translocation of other G-protein-coupled receptors, notably: dopamine D1 (Dumartin et al., 1998) , muscarinic m2 and m4 (Bernard et al., 1998 (Bernard et al., , 1999 , -opioid (Sternini et al., 1996) , neurotensin (Faure et al., 1995) , and substance P (Mantyh et al., 1995) receptors. In the case of 5-HT receptors, studies of permanently transfected GF-62 cells have shown that the endosome pathway also plays a key role in the internalization of 5-HT 2A receptors triggered by stimulation with the 5-HT 2A agonist quipazine (Berry et al., 1996) .
8-OH-DPAT-induced internalization of 5-HT 1A autoreceptors apparently took place in all immunolabeled somata and dendrites of the NRD, revealing their functionality in 5-HT neurons. As previously described (Riad et al., 2000) , these 5-HT 1A receptors are mostly located outside synapses in the plasma membrane of somata and dendrites in NRD or hippocampus. It is likely that such extrasynaptic or nonsynaptic receptors are reached by 5-HT diffusing from specific release sites.
The present quantitative results also substantiated the markedly different responsiveness to agonist of 5-HT 1A autoreceptors versus heteroreceptors: internalization occurred in the NRD but not in the hippocampus. Binding studies had already shown that acute treatment with 8-OH-DPAT (1 mg/kg, s.c.) significantly decreased the number (B max ) of 5-HT 1A binding sites in rat NRD, but not hippocampus or frontal cortex, without any change in the binding affinity (K d ) in either region (Beer et al., 1990) . Similarly, the density of 5-HT 1A autoreceptors labeled with [ 3 H]8-OH-DPAT was found to be reduced in NRD and not hippocampus after treatment for 21 d with the 5-HT 1A receptor agonists gepirone (Welner et al., 1989) and ipsapirone (Fanelli and McMonagle-Strucko, 1992 ) (but see Larsson et al., 1990; Schechter et al., 1990; Wieland et al., 1993) . Behavioral studies have also led to the conclusion that acute or subchronic treatment with 8-OH-DPAT decreased the so-called "presynaptic" (autoreceptor) but not "postsynaptic" (heteroreceptor) 5-HT 1A -mediated responsiveness (Kennett et al., 1987b; O'Connell and Curzon, 1996) . Last, a number of electrophysiological studies have indicated that chronic administration of 5-HT 1A receptor agonists results in desensitization of 5-HT 1A autoreceptors in the NRD, but not of postsynaptic 5-HT 1A receptors in the hippocampus de Montigny, 1987, 1990; Schechter et al., 1990; Godbout et al., 1991; Dong et al., 1997; Sim-Selley et al., 2000; Le Poul et al., 2000) . Unlike 8-OH-DPAT, which generally acts as a full 5-HT 1A receptor agonist (Hoyer et al., 1994) , most of the drugs that completely inhibit 5-HT neuron firing activity produce only partial agonistic effects at postsynaptic 5-HT 1A sites in hippocampus (Andrade and Nicoll, 1987; Blier and de Montigny, 1992; Hadrava et al., 1995; Dong et al., 1997) . Conversely, several compounds previously thought to act as 5-HT 1A receptor antagonists at postsynaptic sites have been shown to produce submaximal agonistic effects at presynaptic sites inhibiting 5-HT neuron firing (Millan et al., 1994; Newman-Tancredi et al., 1997 ). Yet, there is no definitive biomolecular evidence that these two populations of receptors are distinct entities. It has been suggested that coupling of the same receptor to different G-proteins might explain such regional differences in pharmacology (Kenakin, 1995) . The fact that the administration of cholera toxin does not alter responsiveness of NRD 5-HT neurons to the microiontophoretic application of 5-HT or 8-OH-DPAT, but reduces that of CA3 neurons by 90% (Blier et al., 1993) , provides some support for the hypothesis that differences in G-protein coupling might concern 5-HT 1A receptors in these two regions.
Our data suggest that, after acute treatment with 8-OH-DPAT, the subsequent decrease in 5-HT 1A autoreceptor responsiveness might be caused by a reduction of their density in the plasma membrane as a consequence of receptor internalization. Desensitization of 5-HT 1A autoreceptors associated with a decrease in their density has recently been reported by Li et al. (1999 Li et al. ( , 2000 and Fabre et al. (2000) in 5-HT transporter knock-out mice displaying increased extracellular levels of 5-HT throughout brain. Interestingly, the decrease in 5-HT 1A autoreceptor density associated with the desensitization in these mutants was of the same magnitude (30 -50%) as the proportion of membrane bound 5-HT 1A autoreceptors here shown to be internalized after a single dose of agonist.
It has been repeatedly postulated that desensitization of NRD 5-HT 1A autoreceptors is a determinant of the therapeutic efficacy of antidepressant treatments aimed at increasing 5-HT neurotransmission in selected areas of the brain (Blier and de Montigny, 1994) . After chronic treatment with monoamine oxidase inhibitors or selective serotonin reuptake inhibitors, desensitization of NRD 5-HT 1A autoreceptors has been observed in the absence of any changes in 5-HT 1A receptor-mediated effector responses in hippocampus (Blier et al., 1988; Jolas et al., 1994; Le Poul et al., 2000) . Similarly, electrophysiological studies in various animal models of stress have shown a desensitization of NRD 5-HT 1A autoreceptors, but not hippocampal 5-HT 1A heteroreceptors (Laaris et al., 1999; Lanfumey et al., 1999) . Conversely, it may be expected that the density of membrane-bound NRD 5-HT 1A autoreceptors will rise under conditions of chronic lowering of extracellular 5-HT levels in brain. This would be consistent with recent observations of Stockmeier et al. (1998) , who reported significant increases in the binding of [ 3 H]8-OH-DPAT to 5-HT 1A receptors in the NRD of suicide victims with major depression.
The main conclusion from the present study is that internalization may account for the desensitization of 5-HT 1A autoreceptors that follows their acute activation, whereas 5-HT 1A heteroreceptors do not internalize under the same conditions. Internalization of the 5-HT 1A autoreceptors should prevent autoinhibition of the firing of NRD neurons by 5-HT, and hence increase 5-HT transmission in target zones. It could thus play a key role in the therapeutic efficacy of antidepressants.
